INTRODUCTION
Members of the nuclear receptor (NR) superfamily have been shown to be involved in a wide range of biological processes such as cell proliferation, differentiation and homeostasis (1, 2) . In addition to the well-characterized members of the ligandactivated NRs, other members within this superfamily are structurally-related proteins with yet unidentified cognate ligand, and therefore, those members are referred as orphan nuclear receptors (2) . The retinoid-related orphan receptors (RORs) contain three members, RORα, RORβ and RORγ. The tissue-distribution of the RORβ isotype is restricted to the central nervous system (3), whereas RORα and RORγ are expressed in a number of tissues (4, 5) . The analysis of the RORγ-deficient mouse reveals its role in lymph node organogenesis and apoptosis during thymopoiesis (6, 7) . Therefore, RORγ may participate in the control of the immune response (8) . The RORα gene generates four isoforms that share common DNA-binding and putative ligand-binding domains (LBD), but are distinguished by different N-terminal domains (9, 10) . RORα binds as a monomer to a ROR response-element (RORE) that is composed of a 6 base-pair of A/T rich region immediately preceding a half-core AGGTCA motif (10, 11) . However, RORα is also able to bind to DR-2 elements as a homodimer in vitro (12) . Similar to RORγ, RORα has been reported to regulate negatively the inflammatory response (13, 14) by antagonizing, at least in part, the NF-κB signaling pathway (14) . Moreover, analysis of RORα-deficient mice suggests an important function of RORα in the development of the central nervous system (15) (16) (17) . It has also been shown that RORα regulates both apolipoprotein AI and CIII gene transcription. Therefore, RORα may play an important role in lipoprotein metabolism (18, 19) . In line with these findings, Mamontova and coworkers reported that staggerer mice, which carry a deletion within RORα gene that prevents the translation of the LBD, develop severe atherosclerosis in response to a high fat diet (20) . Recently, RORα has been shown to be a negative regulator of ischemiainduced angiogenesis (21) , and a possible factor in bone metabolism (22) . Finally, RORα has been found to be highly expressed in skeletal muscle (5) and to be involved in myogenesis (23) .
Interestingly, another orphan receptor, Reverbα, has been shown to regulate muscle differentiation (24) . Reverbα is encoded by the opposite strand of the thyroid hormone receptor α gene (25) . It binds either as a monomer to a RORE or as a homodimer to a DR-2 element (26) , which leads to a transcriptional cross-talk with members of the ROR family (5). Since Reverbα does not possess an AF-2 domain, it behaves as a powerful transcriptional repressor, which interacts strongly with N-CoR (26, 27) . Reverbα mRNA is highly expressed in brain, liver and skeletal muscle (25) .
Interestingly, its expression is dramatically induced during adipogenesis (28) although its function in this process remains unknown. Finally, Reverbα has been shown to play a major role during cerebellar development (29) .
Since RORα and Reverbα exhibit an overlapping tissue distribution, and appear to be involved in skeletal muscle differentiation, we examined their expression during myogenesis and queried whether RORα could regulate the expression of Reverbα in muscle cells. Here, we show that both RORα and Reverbα are induced during the differentiation of a rat L6 myoblastic cells. Ectopic expression of RORα1 in rat L6 cells significantly induced Reverbα mRNA expression. In addition, this study demonstrated that RORα1 regulates Reverbα gene transcription through a novel RORE that is present in the promoter region of Reverbα gene.
METHODS

Cell culture
Rat L6 myoblasts (ATCC, Rockville, MD) were maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 2 mM glutamine and 10% (v/v) fetal calf serum (FCS) in an atmosphere of 5% CO 2 at 37°C. When the cells reached confluence (Day 0), they were differentiated in a medium containing 2% horse serum (Invitrogen) for an additional four days.
Plasmids
The plasmids, pCMX-RORα1, pCMX-RORα2, pCMX-RORα3 and pCMXRORα∆LBD, have been described previously (14) . The G5-Luc plasmid, containing 5 copies of the DNA-binding site of the yeast GAL4 transcription factor cloned in front of the minimal thymidine kinase (TK) promoter, and the SV40-luc plasmid were purchased from Promega. The plasmid encoding RORγ (pcDNA3-RORγ) was obtained from Research Genetics. TIF-2, SRC-1 and VP16-SRC-1 expression vectors have been described (30, 31 
RNA analysis
Total cellular RNA was extracted using TRIZOL (Invitrogen). Northern blot experiments were performed essentially as described (33) using RORα, Reverbα, and cyclophilin cDNAs as probes. For RT-PCR analysis of RORα, Reverbα and β-actin expression, total RNA was reverse transcribed using random hexamer primers and Superscript reverse transcriptase (Invitrogen) and subsequently amplified by PCR using the following primers: for RORα:
5-GTCAGCAGCTTCTACCTGGAC-3 and 5-GTGTTGTTCTTGAGAGTGAAAGGCACG-3; for Reverbα: 5-GGCATGTCCTATGAACATGTACC-3 and 5-AACATGGCACTGAGCAGGTCTCC-3. β-actin specific primers were purchased from Stratagene.
Adenovirus Generation
The recombinant adenovirus (Ad-GFP and RORα1) was obtained by homologous recombination in E. coli (34) after insertion of the cDNAs into pAdCMV2. Viral stocks were created as previously described (35) . Viral titers were determined by a plaque assay on 293 cells and expressed as pfu/ml. Cells were infected, in most of the experiments, at a multiplicity of infection (MOI) of 12.5 viral particles per cell, by adding virus stocks directly to the L6 tissue culture medium.
Western blot analysis
Protein extracts were fractionated on 10% polyacrylamide gel under reducing conditions 
Electrophoretic mobility shift assay (EMSA)
A double-stranded oligonucleotide (Rd site) was end-labeled with γ 32 P-ATP using T4
polynucleotide kinase according to standard procedures. In vitro translated proteins (2 µl) were incubated with 100,000 cpm of labeled probe for 20 minutes at room temperature in 20 µl of buffer containing 10 mM Tris (pH 7.5), 50 mM NaCl, 1 mM DTT, 1 mM EDTA, 5% glycerol, 0.3 µg BSA and 2 µg of poly(dI-dC). DNA/protein complexes were analyzed by electrophoresis in a 5% non-denaturing polyacrylamide gel with 0.5 X TBE buffer. The gel was then dried and exposed at -80°C for autoradiography.
GST-pull down assays
An in vitro protein-protein interaction assay was performed as previously described (33) .
Briefly, glutathione-sepharose 4B beads containing a GST fusion protein (0.5 µg) were incubated with an in vitro translated, 35 S methionine-labeled protein in a total volume of 500 µl of incubation buffer (20 mM Tris pH 7.5, 75 mM KCl, 50 mM NaCl, 1 mM EDTA, 0.1% NP-40, 10% glycerol, 1 mM DTT and protease inhibitors (Roche)), for 2 hours at room temperature. After centrifugation, the beads were washed five times with incubation buffer and re-suspended in 2X Laemli buffer, boiled for 5 minutes and centrifuged. The supernatant was subjected to electrophoretic analysis on a 4-20% SDSpolyacrylamide gel (Invitrogen). After drying, gels were exposed for autoradiography.
RESULTS & DISCUSSION
Since both RORα and Reverbα have been reported to be highly expressed in the skeletal muscle (5), we investigated their relative gene expression during myogenesis using a rat L6 myoblastic cell line. After reaching confluence, L6 cells were allowed to differentiate in a medium containing 2% horse serum for up to four days. The differentiation of L6 cells was confirmed by the formation of myotubes (data not shown).
Northern blot analysis showed that both RORα and Reverbα mRNA are induced after L6 differentiation while the levels of cyclophilin mRNA, as an internal control, were not significantly affected ( Figure 1A ). Interestingly, RORα and Reverbα display a similar tissue distribution with the highest expression in human skeletal muscle, heart, brain and kidney ( Figure 1B ), in agreement with previous report (5).
To investigate a potential involvement of RORα in the regulation of Reverbα gene expression, we generated, using homologous recombination, an adenovirus encoding the RORα1 isoform (Ad-RORα1), which is the predominant transcript among the four isoforms (5) . Control experiments indicate that the expression of RORα Since the RORα gene generates several isoforms (36) , and since RORγ is also highly expressed in the skeletal muscle (37), we next tested the influence of RORα2, RORα3
and RORγ on the Reverbα promoter activity. As expected, RORα1 strongly stimulated the reporter gene containing a 1.7 Kb fragment of Reverbα gene promoter ( Figure 3C ).
By contrast, RORα2, RORα3 and RORγ failed to stimulate this reporter gene ( Figure 3C ), which suggests that the transcriptional regulation of Reverbα promoter is RORα1-specific. Altogether, these data suggest that a putative RORE may present in the promoter of Reverbα gene.
Adelmant and coworkers identified two putative DNA-binding sites, Rp and Rd, for nuclear receptors within the Reverbα gene promoter (38) . Each of these two sites contains a 5 A/T-rich sequence preceding an half core motif, AGGTCA, and may represent ROREs ( Figure 4A ) (10, 11) . In addition, the Rp site, which is a DR-2 response-element, has been found to mediate transcriptional repression by Reverbα itself (38) . Furthermore, PPARα has been reported to regulate Reverbα transcription in the liver through the same response element (32). In order to determine which region of the Reverbα gene promoter is responsible for RORα-mediated transcriptional activation, we next performed mutagenesis experiments on this promoter. In agreement with results shown in Figure 3 , RORα1 strongly activated the wild-type reporter gene activity.
Mutation of the Rd site almost completely abolished RORα-stimulated Reverbα gene promoter activity. Interestingly, the basal level of the reporter gene activity was slightly decreased by a mutation of the Rd site, which suggests that endogenous RORα in L6 cells may contribute to the basal level activity of reporter gene ( Figure 1A) . Surprisingly, mutation of the Rp site resulted in a sharp reduction of the Reverbα gene promoter activity ( Figure 4B ). Since this site has been found to mediate Reverbα promoter regulation by PPARα (32), our results may reflect the inability of endogenous PPARs to bind to the mutated Rp site (39, 40) . However, RORα-stimulated reporter gene activity remained unchanged ( Figure 4B ), suggesting that this site is not required for RORα-mediated Reverbα promoter activation. Finally, an unrelated promoter containing the minimal SV40 promoter was not significantly affected by co-transfection of RORα1.
Taken together, these results suggest that RORα1 transcriptionally regulates Reverbα gene promoter via the Rd site.
In order to confirm that RORα1 binds to the Rd site, we next performed electrophoretic mobility shift assay (EMSA) using in vitro translated RORα1 protein.
Incubation a [32] P-labeled oligonucleotide containing the Rd site with RORα1 protein resulted in a strong protein/DNA complex, and this specific complex was competed efficiently by the wild type but not by the mutated Rd oligonucleotides, which indicates that RORα1 binds strongly to the Rd site in the promoter of the Reverbα gene ( Figure   5A ). In contrast, RORα2, RORα3 and RORγ failed to bind to the Rd site in EMSA ( Figure 5B), which is consistent with our previous transfection results ( Figure 3C ).
Chen and coworkers recently reported that the steroid receptor co-activator, GRIP-1, potentiates skeletal muscle differentiation by augmenting, at least in part, MEF-2C transcriptional activity (41) . In addition, GRIP-1/TIF-2 has been shown to interact with RORα and to stimulate its transcriptional activity (42) . We asked whether GRIP-1/TIF-2 could enhance RORα-stimulated transcriptional activity on the Reverbα gene promoter. Co-transfection of GRIP-1/TIF-2 strongly potentiated RORα-mediated Reverbα gene promoter activation in a dose-dependent manner ( Figure 6A) .
Surprisingly, SRC-1, another closely-related member of the p160 family, failed to potentiate Reverbα gene promoter activity ( figure 6A ). Similar results were observed using a reporter gene containing three copies of the RORE consensus site, which was cloned in front of the minimal thymidine-kinase (TK) promoter (data not shown). As a control, both SRC-1 and GRIP-1/TIF-2 were able to significantly increase NF-κB and glucocorticoid receptor transcriptional activitites in L6 cells (data not shown). To determine whether RORα and SRC-1 interact in vitro, we next performed a GST pulldown assay using radio-labeled full-length SRC-1 and a GST-RORα fusion protein reported that Reverbα mRNA levels are decreased during myogenic differentiation in the mouse C2C12 myoblast cell line (24) . Furthermore, they showed that constitutive expression of Reverbα inhibits muscle differentiation by abrogating MyoD expression (24) . By contrast, we found that Reverbα is increased during myogenesis using the rat L6 myoblast model ( Figure 1A) . Apparently, this divergence may reflect differences between the two cell types. Several evidences showed that these two myoblasts are quite diverse in their reactions to environmental conditions during differentiation (43) . 
